Basolateral amygdala (BLA) activation by emotional arousal modulates memory-related processes in the hippocampus. We have shown (Akirav and Richter-Levin, 1999b ) that activating the BLA before perforant path (PP) tetanization has a biphasic effect on hippocampal plasticity; priming the BLA immediately before PP tetanization results in the enhancement of dentate gyrus (DG) long-term potentiation (LTP) (an "emotional tag"), whereas stimulation in a spaced interval results in the suppression of DG-LTP. Here, we aimed to elucidate the mechanisms underlying BLA modulation of DG-LTP and specifically to examine whether the stress hormones norepinephrine (NE) and corticosterone (CORT) are main mediators of the BLA biphasic effects. We found that the BLA affects hippocampal plasticity in a complex manner; BLA priming enhanced DG-LTP, and both NE and CORT mediated this effect. Furthermore, we found that ipsilateral BLA spaced activation (2 hr before PP tetanization) suppressed DG-LTP and that this suppressive effect was also mediated by NE and CORT. Priming the contralateral BLA enhanced DG-LTP similarly to the ipsilateral enhancement, but neither NE nor CORT mediated this effect. The spaced activation of the contralateral BLA did not suppress DG-LTP. Taken together, these results suggest that differential mechanisms underlie the ipsilateral and contralateral BLA effects on hippocampal plasticity.
Basolateral amygdala (BLA) activation by emotional arousal modulates memory-related processes in the hippocampus. We have shown (Akirav and Richter-Levin, 1999b ) that activating the BLA before perforant path (PP) tetanization has a biphasic effect on hippocampal plasticity; priming the BLA immediately before PP tetanization results in the enhancement of dentate gyrus (DG) long-term potentiation (LTP) (an "emotional tag"), whereas stimulation in a spaced interval results in the suppression of DG-LTP. Here, we aimed to elucidate the mechanisms underlying BLA modulation of DG-LTP and specifically to examine whether the stress hormones norepinephrine (NE) and corticosterone (CORT) are main mediators of the BLA biphasic effects. We found that the BLA affects hippocampal plasticity in a complex manner; BLA priming enhanced DG-LTP, and both NE and CORT mediated this effect. Furthermore, we found that ipsilateral BLA spaced activation (2 hr before PP tetanization) suppressed DG-LTP and that this suppressive effect was also mediated by NE and CORT. Priming the contralateral BLA enhanced DG-LTP similarly to the ipsilateral enhancement, but neither NE nor CORT mediated this effect. The spaced activation of the contralateral BLA did not suppress DG-LTP. Taken together, these results suggest that differential mechanisms underlie the ipsilateral and contralateral BLA effects on hippocampal plasticity.
Hence, the BLA modulates hippocampal memory processes, presumably via the mediation of the stress hormones NE and CORT, to establish a diverse memory of the experience. Possibly, at the onset of an emotional event the stress hormones permissively mediate plasticity. However, their prolonged presence in the system may suppress the cognitive response to stress.
Key words : long-term potentiation; plasticity; basolateral amygdala; central amygdala; hippocampus; dentate gyrus; norepinephrine; glucocorticoids; corticosterone; serotonin; ipsilateral; contralateral Several lines of evidence suggest that emotional arousal activates the amygdala and that this activation, specifically that of the basolateral amygdala (BLA), results in modulation of memoryrelated processes in the hippocampus (for review, see Cahill and McGaugh, 1998; McGaugh, 2000; Richter-Levin and Akirav, 2000; Roozendaal, 2000; Abe, 2001; Packard and Cahill, 2001) .
Although emotional experiences can either enhance or impair hippocampal memory and plasticity (Diamond et al., 2000) , BLA activation was reported to enhance hippocampal long-term potentiation (LTP) (Ikegaya et al., 1995; Akirav and Richter-Levin, 1999a) .
In agreement with the twofold influence of emotional experiences on hippocampal-dependent memory, we have shown (Akirav and Richter-Levin, 1999b ) that activating the amygdala before perforant path (PP) stimulation has a biphasic effect on hippocampal plasticity; priming the BLA immediately before PP tetanization results in the enhancement of dentate gyrus (DG)-LTP, whereas spaced BLA stimulation results in the suppression of DG-LTP. We suggested that the fast excitatory phase may serve as a marker that generates strong memories for emotionally charged experiences (an "emotional tag") and that the slower inhibitory phase may be beneficial in reducing masking effects of subsequent, less-significant events during the initial stages of consolidation.
The stress hormones [norepinephrine (NE) and corticosterone (CORT)], released by emotional arousal, are potent modulators of both learning and brain plasticity, and these effects are presumably mediated by influences involving the amygdala (Liang et al., 1990; Cahill and McGaugh, 1998; McGaugh, 2000) .
NE has been shown repeatedly to be involved in memory reinforcement of different behavioral tasks (McGaugh, 1989; Cahill et al., 1994) and in the reinforcement of hippocampal LTP (Izquierdo and Medina, 1995; Seidenbecher et al., 1997) . Specifically, it has been suggested that noradrenergic activation of the BLA may serve to modulate memory storage and plasticity in the hippocampus (Ikegaya et al., 1997; Ferry et al., 1999; Frey et al., 2001) .
Although the BLA contains a moderate density of glucocorticoid receptors (GRs) (Morimoto et al., 1996) , the hippocampus contains substantial concentrations of GRs (McEwen and Sapolsky, 1995) . CORT has dose-dependent inverted U-shaped effects on hippocampal LTP and primed burst potentiation (PBP) (Diamond et al., 1989 (Diamond et al., , 1992 (Diamond et al., , 1994 Pavlides et al., 1993 Pavlides et al., , 1995 Kerr et al., 1994; Rey et al., 1994) . In addition, amygdala electrical stimulation has been shown to increase plasma levels of CORT (Feldman et al., 1982) , and it has been suggested that a functioning BLA is required for adrenal steroids to exert their influence on hippocampal memory storage Roozendaal and McGaugh, 1997) .
The response to stress involves a biphasic secretion of the stress hormones in which NE represents the first phase and glucocorti-coids represent the second phase. Here, we aimed to elucidate the mechanisms underlying BLA modulation of DG-LTP and specifically to examine whether NE is a main mediator of the BLA enhancing effect (the first phase) and CORT is a main mediator of the BLA suppressing effect (the second phase). If so, BLA activation in NE-or CORT-depleted rats should not lead to DG-LTP enhancement or suppression, respectively.
MATERIALS AND METHODS Animals
Adult male Wistar rats, weighing 280 -320 gm (Harlan, Jerusalem, Israel), were maintained five per cage on a 12 hr light/dark cycle with water and laboratory rodent chow ad libitum. N-(2-chloroethyl) -N-ethyl-2-bromobenzylamine hydrochloride (DSP-4) (50 mg / kg dissolved in saline, intraperitoneal injection; Sigma) (RichterLevin et al., 1991) was used to deplete forebrain N E. DSP-4 was injected 1 week before the electrophysiological experiment. This dose causes depletion of Ͼ80% of N E in the cortex and hippocampus (JaimEtcheverry and Z ieher, 1980) . Metyrapone (Met) (50 mg / kg dissolved in a vehicle containing 40% polyethylene glycol and 60% saline, intraperitoneal injection; Aldrich) reduces the synthesis of C ORT by inhibiting the 11␤-hydroxylation reaction in the adrenal glands. Metyrapone also inhibits the synthesis of other adrenocortical hormones such as aldosterone (de K loet et al., 1998) , and yet with regard to hippocampal LTP, its effect on C ORT levels is considered to be a dominant one. Metyrapone was injected 50 min before the stimulation of the BL A.
Drug treatment
DL-p-chlorophenylalanine (PC PA) (200 mg / kg dissolved in saline, intraperitoneal injection, once a day for 3 consecutive days; Sigma) depletes serotonin (5-HT) by inhibiting tryptophan hydroxylase (Richter-Levin and Segal, 1989) .
Approximately half of the animals in the nondrug groups were injected with either saline or vehicle in the same protocol as the drug groups to control for possible effects of the injection or the vehicle. Because no significant difference was found between these control groups, they were grouped together.
Electrophysiology
Surg ical procedure. Rats were anesthetized (40% urethane and 5% chloral hydrate in saline, 0.5 ml /100 gm, i.p.) and mounted in a Stoelting (Wood Dale, IL) stereotaxic frame. The scalp was incised and retracted, and head position was adjusted to place bregma and lambda in the same horizontal plane. Small burr holes (2 mm diameter) were drilled unilaterally in the skull for the placement of recording and stimulating electrodes.
A recording microelectrode (glass; tip diameter, 2-5 m; filled with 2 M NaC l; resistance, 1-4 M⍀) was placed in the dorsal DG (coordinates: 4 mm posterior, 2.5 mm lateral to bregma; depth adjusted to yield largest EPSP response to stimulation of the PP).
A bipolar 125 m stimulating electrode was implanted in the ipsilateral medial PP (coordinates: 8 mm posterior, 4 mm lateral to bregma; depth adjusted to yield maximal response of the DG).
In the BL A groups, a second stimulating electrode was implanted in the ipsilateral or the contralateral BL A as indicated (coordinates: 3 mm posterior, 5.3 mm lateral to bregma; depth 6.7 mm). To control for a possible lateralization effect of the BL A, in the contralateral and ipsilateral groups, the DG and PP electrodes were placed in the right or left hemispheres, alternately.
In the central amygdala (C eA) groups, a second stimulating electrode was implanted in the ipsilateral C eA (coordinates: 2.5 mm posterior, 4.5 mm lateral to bregma; depth 7.1 mm).
Baseline stimuli to the PP (monopolar pulses, 100 sec duration, intensity adjusted to yield an EPSP slope of ϳ4 mV/msec.) were delivered at 0.1 Hz. There was no significant difference in stimulus intensities between the groups. After the electrodes were positioned, the rat was left for 60 min before the experiment commenced.
Evoked responses were digitized (10 kHz) and analyzed using the C ambridge Electronic Design (C ambridge, UK) 1401ϩ interface and its Spike2 software. Off-line measurements were made of the slope of the EPSP using averages of five successive responses to a given stimulation intensity applied at 0.1 Hz.
LTP was measured as an increase in EPSP slope. The EPSP slope was measured as a percentage of baseline value immediately before the tetanus.
During the course of the experiment, body temperature was monitored and maintained at 37 Ϯ 0.5°C by a feedback-regulated heating pad.
LTP induction and BL A stimulation. LTP was induced by a theta-like high-frequency stimulation (HFS) to the PP (three sets of 10 trains; each train consisted of 10 pulses at 100 Hz; intertrain interval, 200 msec; interset interval, 1 min). During HFS stimulus, intensity was increased to 2 mV.
The BLA and CeA groups received stimulation (10 trains of five pulses at 100 Hz; intertrain interval, 200 msec) to the BLA/CeA (50 sec, 1 V), either 30 sec (phase 1) or 2 hr (phase 2) before HFS was applied to the PP.
Histology
Histological verification of the stimulating electrode location was performed on all the rats that were implanted with a stimulating electrode in the BL A or the C eA.
After electrophysiological testing, marking lesions were made by passing anodal currents (10 mA for 15 sec) to the metal bipolar stimulating electrode. Brains were removed, postfixed for one night in formaldehyde (10%), and sectioned (120 m) on a sledge microtome. The sections were mounted on gelatin-coated slides, stained in cresyl violet, dehydrated, and coverslipped. The electrode tract and lesion locations were then identifiable under a light microscope (Akirav and Richter-Levin, 1999a,b) .
Experimental groups
Phase 1: BL A priming. T welve groups were tested: (1) control LTP (n ϭ 9): HFS to the PP; (2) ipsi BL A priming (n ϭ 12): a priming stimulation to the ipsilateral BL A applied 30 sec before HFS to the PP; (3) C eA priming (n ϭ 5): a priming stimulation to the ipsilateral C eA applied 30 sec before HFS to the PP; (4) DSP-4 LTP (n ϭ 7): rats were injected with DSP-4 1 week before receiving HFS to the PP; (5) DSP-4 ipsi priming (n ϭ 12): rats injected with DSP-4 received a priming stimulation to the ipsilateral BL A 30 sec before HFS to the PP; (6) Met LTP (n ϭ 7): rats were injected with metyrapone 50 min before receiving HFS to the PP; (7) Met ipsi priming (n ϭ 7): rats injected with metyrapone received a priming stimulation to the ipsilateral BL A 30 sec before HFS to the PP; (8) PC PA LTP (n ϭ 5): rats were injected with PC PA once a day for 3 consecutive days before receiving HFS to the PP; (9) PC PA ipsi priming (n ϭ 7): rats injected with PC PA received a priming stimulation to the ipsilateral BL A 30 sec before HFS to the PP; (10) contra priming (n ϭ 10): a priming stimulation to the contralateral BL A was applied 30 sec before HFS to the PP; (11) DSP-4 contra priming (n ϭ 10): rats injected with DSP-4 received a priming stimulation to the contralateral BL A 30 sec before HFS to the PP; (12) Met contra priming (n ϭ 8): rats injected with metyrapone received a priming stimulation to the contralateral BL A 30 sec before HFS to the PP.
Phase 2: spaced activation. Seven groups were tested: (1) control spaced LTP (n ϭ 8): HFS to the PP; (2) ipsi BL A spaced (n ϭ 10): stimulation to the ipsilateral BL A 2 hr before HFS to the PP; (3) C eA spaced (n ϭ 5): stimulation to the ipsilateral C eA 2 hr before HFS to the PP; (4) DSP-4 spaced (n ϭ 8): rats injected with DSP-4 received stimulation to the ipsilateral BL A 2 hr before HFS to the PP; (5) Met spaced (n ϭ 8): rats injected with metyrapone received stimulation to the ipsilateral BL A 2 hr before HFS to the PP; (6) PC PA spaced (n ϭ 5): rats injected with PC PA received stimulation to the ipsilateral BL A 2 hr before HFS to the PP; (7) contra BL A spaced (n ϭ 8): stimulation to the contralateral BL A 2 hr before HFS to the PP.
Statistical analysis
The results are expressed as means Ϯ SEM. For statistical analysis, overall mixed ANOVA, one-way ANOVA, and t test were used as indicated. All post hoc comparisons were made using the least significant difference multiple-comparison test (L SD).
RESULTS

Phase 1: BLA priming
Similar stimulus intensities were applied (F (11,87) Ͻ 1; NS), and overall mixed ANOVA [groups ϫ time (12 ϫ 2)] for comparison between the groups before HFS did not reveal a significant difference in EPSP slope at either Ϫ30 min or Ϫ1 min, indicating a similar baseline in all groups (F (11,87) Ͻ 1; NS). Using overall mixed ANOVA [groups ϫ time (12 ϫ 3)] for post-HFS comparison, we found a significant difference in EPSP slope levels between the groups (F (11,87) ϭ 3.811; p ϭ 0.0001) that was further analyzed.
Ipsilateral BLA priming enhances DG-LTP, whereas CeA priming does not
Potentiation levels in the LTP group after HFS to the PP was significantly different from 100% at all times post-HFS [t test for difference from baseline (100%): ϩ1 min,
One-way ANOVA revealed a significant difference between the groups at ϩ30 and ϩ60 min post-HFS ( Fig. 1 A) (ϩ30 min:
Post hoc comparisons showed a significant difference at both ϩ30 and ϩ60 min post-HFS between the ipsi BLA priming group and the control LTP group (ϩ30 min: p Ͻ 0.001; ϩ60 min: p Ͻ 0.0001) and between the ipsi BLA priming group and the CeA priming group (ϩ30 min: p Ͻ 0.01; ϩ60 min: p Ͻ 0.0001). There was no significant difference between the control LTP group and the CeA priming group at any time point. This confirms our previous results of a BLA priming enhancing effect on DG-LTP (Akirav and Richter-Levin, 1999a,b) . Moreover, it suggests that under the conditions applied, the CeA does not modulate DG-LTP because priming the CeA has no enhancing effect.
The placements of the electrode tips located in the ipsi BLA priming and the CeA priming groups are shown in Figure 1C , (1) and (2), respectively.
Ipsilateral BLA priming effects are mediated by NE and CORT, but not by 5-HT
Potentiation levels in animals with NE depletion (using DSP-4), CORT depletion (using metyrapone), or 5-HT depletion (using PCPA) that received HFS to the PP were not significantly different from a vehicle control LTP group (data not shown). Thus, there was no significant effect of these drugs on DG-LTP. This result is in agreement with other reports showing that NE depletion using DSP-4 did not affect LTP (Dunwiddie et al., 1982; Robinson and Racine, 1985) , although using other drugs to deplete NE reduced LTP (Bliss et al., 1983; Stanton and Sarvey, 1985) . We then tested the effects of these drugs on BLA priming of DG-LTP.
One-way ANOVA revealed a significant difference between the groups at ϩ30 and ϩ60 min post-HFS (Fig. 2 A) (ϩ30 min: F (3,34) ϭ 7.718, p Ͻ 0.0001; ϩ60 min: F (3,34) ϭ 14.075, p Ͻ 0.0001), but not at any other time point.
Post hoc comparisons showed a significant difference between the ipsi BLA priming group and the DSP-4 ipsi priming and the Met ipsi priming groups at both ϩ30 min (DSP-4 ipsi priming: p Ͻ 0.0001; Met ipsi priming: p Ͻ 0.01) and ϩ60 min post-HFS (DSP-4 ipsi priming: p Ͻ 0.0001; Met ipsi priming: p Ͻ 0.001). There was no significant difference between the DSP-4 ipsi priming group and the Met ipsi priming group at any time point. This suggests that both NE and CORT may mediate the BLA priming enhancing effect on DG-LTP.
As a control group for the stress modulators depletion, another group of animals was depleted of 5-HT using PCPA. Animals with 5-HT depletion that received BLA priming stimulation Figure 1 . A, Representative evoked potentials recorded from the DG before (dashed line) and after HFS to the PP. Calibration: vertical, 5 mV; horizontal, 1 msec. B, Ipsilateral BLA priming enhances DG-LTP, whereas CeA priming does not. The increase in EPSP slope (LTP) was measured as a percentage of baseline value immediately before HFS to the PP. The levels of DG-LTP in the Control LTP group (n ϭ 9) after HFS were significantly different from 100% at all times post-HFS (see Results). Ipsilateral priming stimulation of the BLA (Ipsi BLA Priming, nϭ12) induced 30 sec before HFS was applied to the PP significantly increased DG-LTP levels compared with the Control LTP group at ϩ30 min (*p Ͻ 0.001) and at ϩ60 min post-HFS (*p Ͻ 0.0001), confirming our previous reports of BLA priming enhancing effect on DG-LTP (Akirav and Richter-Levin, 1999a,b) . Priming the CeA (CeA Priming, nϭ5) did not enhance DG-LTP levels compared with the Control LTP group, and the CeA Priming group was significantly different from the Ipsi BLA Priming group at both ϩ30 min (*p Ͻ 0.01) and ϩ60 min post-HFS (*p Ͻ 0.0001). This suggests that the CeA does not modulate DG plasticity. C, Schematic drawings of BLA and CeA electrode placements. Shown is a coronal view at positions 3.14 and 2.56 mm posterior to bregma for the BLA and the CeA, respectively. Solid black circles indicate the locations:
(1) Ipsi BLA Priming group and (2) CeA Priming group (B, basal amygdala; La, lateral amygdala; together they form the BLA).
showed priming similar to control and were significantly different from the other depleted groups (same ANOVA as above).
Post hoc comparisons showed a significant difference between the PCPA ipsi priming group and the DSP-4 ipsi priming and the Met ipsi Priming groups at both ϩ30 min (DSP-4 ipsi priming: p Ͻ 0.01; Met ipsi priming: p Ͻ 0.01) and ϩ60 min post-HFS (DSP-4 ipsi priming: p Ͻ 0.0001; Met ipsi priming: p Ͻ 0.01). There was no significant difference between the PCPA ipsi priming group and the ipsi BLA priming group at any time point. This suggests that the BLA priming enhancing effect on DG-LTP is probably not dependent on serotonergic activation.
The placements of the electrode tips located in the DSP-4 ipsi priming, the Met ipsi priming, and the PCPA ipsi priming groups are shown in Figure 2 B, (1),(2), and (3) , respectively.
Contralateral priming enhances DG-LTP, but is not mediated by NE or CORT
One-way ANOVA revealed a significant difference between the groups at ϩ30 and ϩ60 min post-HFS (Fig. 3A) (ϩ30 min:  F (3,33) ϭ 3.88, p Ͻ 0.05; ϩ60 min: F (3,33) ϭ 5.508, p Ͻ 0.01), but not at any other time point.
Post hoc comparisons showed a significant difference at both ϩ30 and ϩ60 min post-HFS between the control LTP group and the contra priming group (ϩ30 min: p Ͻ 0.01; ϩ60 min: p Ͻ 0.001). In addition, there was no significant difference between the contra priming group and the ipsi BLA priming group shown in Figure 1 A. This suggests that similar to the enhancement seen by ipsilateral priming, priming of the contralateral BLA enhances DG-LTP.
Animals with depletion of NE or CORT that received priming stimulation to the contralateral BLA were also significantly different from the control LTP group (same ANOVA as above). Post hoc comparisons showed a significant difference at ϩ30 min post-HFS between the control LTP group and the DSP-4 contra priming and the Met contra priming groups (DSP-4 contra priming: p Ͻ 0.01; Met contra priming: p Ͻ 0.05) and at ϩ60 min post-HFS (DSP-4 contra priming: p Ͻ 0.01; Met contra priming: p Ͻ 0.01). Moreover, there was no significant difference between the contra priming group and DSP-4 contra priming and the Met contra priming groups at any time point.
This suggests that although contralateral BLA priming enhances DG-LTP, this effect is not dependent on noradrenergic or corticosteroid activation. Thus, differential mechanisms probably underlie the ipsilateral and contralateral BLA enhancing effects on DG-LTP.
The placements of the electrode tips located in the contra priming, DSP-4 contra priming, and Met contra priming groups are shown in Figure 3B , (1), (2), and (3), respectively. To control for a possible lateralization effect of the BLA, electrodes were placed in the right and left hemispheres alternately, but are shown only in the right hemisphere for purpose of clarity.
Phase 2: spaced activation
Similar stimulus intensities were applied (F (6,45) Ͻ 1; NS) and using overall mixed ANOVA [groups ϫ time (7 ϫ 2)] for comparison between the groups before tetanization did not reveal a significant difference in EPSP slope at either Ϫ30 or Ϫ1 min before activating the BLA, indicating a similar baseline in all groups (Figs. 4 A, 5A , and 6 A) (F (6,45) Ͻ 1; NS).
Using overall mixed ANOVA [groups ϫ time (7 ϫ 10)], we found a significant difference in EPSP slope levels between the groups (F (6,45) ϭ 3.367; p ϭ 0.008). However, there was an increase in EPSP slope levels after BLA/CeA activation in all the groups (except for the control spaced LTP group) before the application of HFS to the PP [time point of ϩ120 min (Figs. 4 A,  5A, 6A) ]. Thus we calculated DG-LTP levels after HFS to the PP (time points ϩ121, ϩ150, and ϩ180 min) as percentage of the pre-HFS baseline (time point ϩ120 min) and not as percentage of the initial baseline (time point Ϫ1 min). Using overall mixed ANOVA [groups ϫ time (7 ϫ 3)], we found a significant differ- ence in DG-LTP levels between the groups (F (6,46) ϭ 9.624; p ϭ 0.0001) that was further analyzed (Figs. 4 B , 5B, 6B). Figure 4 A shows DG-EPSP slope (in response to PP stimulation) for the duration of the experiment. The level of potentiation in Figure 4 . A, DG-EPSP slope after BLA and CeA stimulation. Shown is the DG-EPSP slope (in response to PP stimulation) for the duration of the experiment. B, Ipsilateral BLA spaced activation suppresses DG-LTP, whereas CeA spaced activation does not. The levels of DG-LTP in the Control Spaced LTP group (n ϭ 8) after HFS to the PP were significantly different from 100% at all the times post-HFS to the PP (ϩ1, ϩ30, and ϩ 60 min) (see Results). Spaced stimulation of the BLA (Ipsi BLA Spaced, nϭ10) significantly reduced DG-LTP levels compared with the Control Spaced LTP group at ϩ30 min (*p Ͻ 0.0001) and ϩ60 min post-HFS (*p Ͻ 0.0001). This confirms our previous reports showing BLA spaced activation suppressing DG-LTP levels (Akirav and Richter-Levin, 1999b) . Spaced activation of the CeA (CeA Spaced, nϭ5) did not reduce DG-LTP levels compared with the Control Spaced LTP group and was significantly different from the Ipsi BLA Spaced group at both ϩ30 min (*p Ͻ 0.0001) and ϩ60 post-HFS (*p Ͻ 0.0001). This suggests that under these conditions CeA spaced activation does not modulate DG-LTP. Note that, although BLA and CeA spaced activation induced a shift in baseline EPSP ( A), the levels of LTP in the CeA group were similar to that in the control group. This indicates that the lack of potentiation in the BLA spaced group was not caused by saturation of plasticity as a result of the shift in baseline EPSP before HFS. C, Schematic drawings of BLA and CeA electrode placements. Solid black circles indicate the locations: (1) Ipsi BLA Spaced group and (2) CeA Spaced group. Figure 3 . A, Contralateral priming enhances DG-LTP but is not NE or CORT dependent. Priming the contralateral BLA (Contra Priming, nϭ10) significantly enhanced DG-LTP levels compared with the control LTP group at both ϩ30 min (*p Ͻ 0.01) and ϩ60 min post-HFS (*p Ͻ 0.001). In addition, there was no significant difference between the Contra Priming group and the Ipsi BLA Priming group shown in Figure 1 A. This suggests that priming the contralateral BLA enhances DG-LTP in a way similar to the enhancement seen by ipsilateral priming. Priming the contralateral BLA of rats depleted of NE (DSP-4 Contra Priming, nϭ10) or CORT (Met Contra Priming, nϭ8) also resulted in enhanced DG-LTP levels. They were significantly different from the control LTP group at both ϩ30 min (Control LTP, *p Ͻ 0.01; DSP-4 Contra Priming, p Ͻ 0.05), and ϩ60 min post-HFS (Control LTP, *p Ͻ 0.01; DSP-4 Contra Priming, p Ͻ 0.01) but were not different from the Contra Priming group. This suggests that, although contralateral BLA priming enhances DG-LTP, this effect is NE and CORT independent. B, Schematic drawings of BLA electrode placements. Solid black circles indicate the locations: ( 1) Contra Priming group, ( 2) DSP-4 Contra Priming group, and ( 3) Met Contra Priming group. the control spaced LTP group after HFS to the PP was significantly different from 100% at all times post-HFS [t test for difference from baseline (100%): ϩ1 min, t (7) ϭ 3.7981, p Ͻ 0.01; ϩ30 min, t (7) ϭ 3.4494, p Ͻ 0.05; ϩ60 min, t (7) ϭ 3.3132; p Ͻ 0.05]. This confirms our previous results of BLA spaced activation suppressing DG-LTP (Akirav and Richter-Levin, 1999b) . Moreover, it further suggests that under these conditions CeA spaced activation does not modulate DG-LTP. Note that although BLA and CeA spaced activation induced a shift in baseline EPSP (Fig.  4 A) , the level of LTP in the CeA group was similar to that in the control group (Fig. 4 B) . This indicates that the lack of potentiation in the BLA spaced group was not caused by saturation of plasticity as a result of the shift in baseline EPSP before HFS.
Ipsilateral BLA spaced activation suppresses DG-LTP, whereas CeA spaced activation does not
The placements of the electrode tips located in the ipsi BLA spaced and the CeA spaced groups are shown in Figure 4C , (1) and (2), respectively. Figure 5A shows DG-EPSP slope (in response to PP stimulation) for the duration of the experiment. Figure 5B shows a significant difference between the groups at ϩ30 and ϩ60 min post-HFS (one-way ANOVA: ϩ30 min: F (3,28) ϭ 10.354, p Ͻ 0.0001; ϩ60 min: F (3,28) ϭ 8.995, p Ͻ 0.0001). Post hoc comparisons showed a significant difference between the ipsi BLA spaced group and the DSP-4 spaced and the Met spaced groups at both ϩ30 min (DSP-4 spaced: p Ͻ 0.0001; Met spaced: p Ͻ 0.0001) and ϩ60 min post-HFS (DSP-4 spaced: p Ͻ 0.0001; Met spaced: p Ͻ 0.01). There was no significant difference between the DSP-4 spaced group and the Met spaced group at any time point. This suggests that both NE and CORT may mediate the BLA spaced suppressing effect on DG-LTP.
Ipsilateral BLA spaced activation is mediated by NE and CORT, but not by 5-HT
As a control group for modulators depletion, another group of animals was depleted of 5-HT using PCPA. Post hoc comparisons showed a significant difference between the PCPA spaced group and the DSP-4 spaced and the Met spaced groups at both ϩ30 min (DSP-4 spaced: p Ͻ 0.05; Met spaced: p Ͻ 0.01) and ϩ60 min post-HFS (DSP-4 spaced: p Ͻ 0.05; Met spaced: p Ͻ 0.01). There Figure 4 B. This suggests that both NE and CORT may mediate the BLA spaced suppressing effect on DG-LTP. BLA spaced activation in 5-HTdepleted rats (PCPA Spaced, nϭ6 ) significantly reduced DG-LTP compared with the NE-and CORT-depleted rats at both ϩ30 min (DSP-4 Spaced, *p Ͻ 0.05; Met Spaced, p Ͻ 0.01) and ϩ60 min post-HFS (DSP-4 Spaced, *p Ͻ 0.05; Met Spaced, p Ͻ 0.01). Moreover, there was no significant difference between the PCPA Spaced group and the Ipsi BLA Spaced group at any time point. This suggests that the BLA spaced suppressing effect on DG-LTP is not dependent on serotonergic activation. C, Schematic drawings of BLA electrode placements. Solid black circles indicate the locations: ( 1) DSP-4 Spaced group, ( 2) Met Spaced group, and ( 3) PCPA Spaced group. was no significant difference between the PCPA spaced group and the ipsi BLA spaced group at any time point. This suggests that the BLA spaced suppressing effect on DG-LTP is probably not dependent on serotonergic activation.
The placements of the electrode tips located in the DSP-4 spaced, the Met spaced, and the PCPA spaced groups are shown in Figure 5C , (1), (2), and (3), respectively. Figure 6 A shows DG-EPSP slope (in response to PP stimulation) for the duration of the experiment. Figure 6 B shows a significant difference between the groups at ϩ1, ϩ30, and ϩ60 min post-HFS (one-way ANOVA: ϩ1 min: F (2,23) ϭ 5.851, p Ͻ 0.001; ϩ30 min: F (2,23) ϭ 17.406, p Ͻ 0.0001; ϩ60 min: F (2,23) ϭ 15.177, p Ͻ 0.0001). Post hoc comparisons showed a significant difference between the ipsi BLA spaced group and the control LTP and the contra BLA spaced groups at ϩ1 min (control LTP: p ϭ 0.053; contra BLA spaced: p Ͻ 0.01), ϩ30 min (control LTP: p Ͻ 0.001; contra BLA spaced: p Ͻ 0.001) and ϩ60 min post-HFS (control LTP: p Ͻ 0.001; contra BLA spaced: p Ͻ 0.001). There was no significant difference between the control LTP group and the contra BLA spaced group at any time point. This shows that the contralateral spaced activation does not suppress DG-LTP, and together with the results from Figure 3A , further supports that there are differential mechanisms underlying the ipsilateral and the contralateral BLA effects on DG-LTP.
Contralateral spaced activation does not suppress DG-LTP
Note that although there is a shift in baseline EPSP in the contra BLA spaced group (Fig. 6 A) , the level of LTP in this group was similar to that of the control spaced LTP group. This indicates that the lack of potentiation in the BLA spaced group was not caused by saturation of plasticity as a result of the shift in baseline EPSP before HFS.
The placements of the electrode tips located in the contra spaced group are shown in Figure 6C . To control for a possible lateralization effect of the BLA, electrodes were placed in the right and left hemispheres alternately, but are shown only in the right hemisphere for the purpose of clarity.
DISCUSSION
The BLA affects hippocampal plasticity in a complex manner. Ipsilateral and contralateral BLA priming has an enhancing effect on hippocampal plasticity, whereas ipsilateral BLA spaced activation has an inhibitory influence. The ipsilateral and contralateral BLA activation seem to affect the hippocampus via differential mechanisms, and finally both NE and CORT seem to be required for BLA modulation (enhancement or suppression) of DG-LTP.
Phase 1: BLA priming
Ipsilateral BLA priming significantly enhanced DG-LTP levels, thus providing further support for our previous findings (Akirav and Richter-Levin, 1999a,b) . In contrast, priming the CeA did not enhance DG-LTP, supporting reports showing that the CeA does not modulate hippocampal memory processes and plasticity (Ikegaya et al., 1994; Roozendaal and McGaugh 1996, 1997) . Taken together, these findings strongly support the view that the CeA is not the exclusive output of amygdala complex and that the BLA may be part of a parallel processing system (Killcross et al., 1997; Amorapanth et al., 2000) .
We hypothesized that NE mediates the BLA priming enhancing effect and CORT mediates the spaced inhibitory effect, and not vice versa. Indeed, NE-depleted rats showed no priming effect. These findings are in agreement with evidence showing that BLA activation of adrenergic mechanisms may induce hippocampal-dependent memory enhancement (Liang et al., 1990; Hatfield and McGaugh, 1999) .
In contrast to our hypothesis, however, priming was absent also in the CORT-depleted rats. This finding corresponds to reports showing that administration of exogenous CORT in the appropriate temporal context, i.e., in close relation to training, potentiated memory for hippocampal-dependent tasks (Sandi et al., 1997; Roozendaal et al., 1999) . In general, it has been suggested that glucocorticoid levels at the onset of an emotional event permissively mediate the cognitive stress response, whereas the subsequent stress-induced rise in glucocorticoid concentrations suppresses the cognitive response (Sapolsky et al., 2000) . Additionally, because the blocking of priming by metyrapone was evident only 30 min post-HFS, it is possible that amygdalainduced increase in CORT levels is required for post post-tetanic potentiation mechanisms of LTP enhancement. Furthermore, although priming of the contralateral BLA had similar enhancing effects on DG-LTP as priming of the ipsilateral BLA, contralateral priming was found to be NE and CORT independent, implying that different neural mechanisms underlie the ipsilateral and contralateral amygdala priming effects on hippocampal plasticity.
Phase 2: BLA spaced activation
Ipsilateral BLA spaced activation significantly suppressed DG-LTP levels, hence providing further support for our suggested biphasic model of amygdala modulation of hippocampal plasticity (Akirav and Richter-Levin, 1999b) . CeA spaced activation did not suppress DG-LTP, further supporting the view that the CeA does not modulate hippocampal plasticity.
In accordance with our hypothesis that the inhibitory effects of the spaced activation of the amygdala on DG-LTP are mediated by CORT, inhibition was significantly suppressed in CORTdepleted rats. However, contrary to our expectations, NE depletion also prevented the inhibition of LTP by BLA spaced activation.
Contrary to the effects of ipsilateral spaced activation, contralateral BLA spaced activation did not suppress DG-LTP. Together with the above-described differences between the dependency of ipsilateral and contralateral priming effects on NE and CORT, these results indicate that the ipsilateral and contralateral effects of BLA on hippocampal plasticity are mediated via different mechanisms.
BLA-DG: possible pathways
BLA activity may affect hippocampal LTP through a number of pathways. The BLA is composed of the basal, lateral, and accessory basal nuclei that project to the parasubiculum and the entorhinal cortex (EC), which projects to the DG (Pikkarainen et al., 1999) . It has been suggested (Ikegaya et al., 1997 ) that noradrenergic activity in the BLA potentiates NMDA receptor-mediated transmission in the amygdala and thus facilitates the induction of DG-LTP. Others have suggested that NMDA receptor activation is not required for BLA enhancement of DG-LTP and that this effect is triggered by synergistic actions of glutamatergic and nonglutamatergic mechanisms (Frey et al., 2001) . All the same, the effect still may be triggered through or dependent on direct action of noradrenergic mechanisms in the BLA (Liang et al., 1986 (Liang et al., , 1990 (Liang et al., , 1995 Ferry and McGaugh, 2000; Frey et al., 2001) .
Another possibility is the involvement of other brain structures that may be influenced by the BLA. The locus ceruleus may be activated to induce NE release in the hippocampus and contribute to the facilitation of LTP (Bliss et al., 1983; Neuman and Harley, 1983; Stanton and Sarvey, 1985) . Glucocorticoids enter the brain readily and can directly influence hippocampal GRs to modulate LTP (McEwen and Sapolsky, 1995) . Thus amygdala modulation of the hypothalamus may affect CORT release and, by this, hippocampal LTP (Price and Amaral, 1981) .
The BLA projects to the CeA (Savander et al., 1995) , which is a major output nucleus of the amygdala with direct connections to centers involved in NE and glucocorticoid secretion (Davis, 1992) . However, we found that the CeA does not modulate DG-LTP. Similarly, behavioral and electrophysiological data show that whereas BLA lesions block modulatory effects on the hippocampus, CeA lesions are ineffective (Ikegaya et al., 1994; Roozendaal and McGaugh 1996, 1997) . Thus, the CeA is clearly not sufficient to mediate the BLA effects on hippocampal plasticity.
The mediation of the stress hormones
Both NE and CORT were found to mediate the enhancing as well as suppressive effects of the BLA on DG-LTP. Noradrenergic activation of the BLA is required for the adrenal steroids to influence hippocampal memory storage (Quirarte et al., 1997; Roozendaal et al., 1999) , and glucocorticoids seem to exert a permissive action on the efficacy of the noradrenergic system (de Kloet, 1991; Roozendaal, 2000; Roozendaal et al., 2002) . It is currently unclear whether an interaction between these two modulatory systems or their parallel action is required. It may be that lack of either system could affect BLA modulation of hippocampal LTP to the same degree. Furthermore, it is not known whether the interaction occurs at the level of the amygdala, in the hippocampus, within a third region, or a combination of those possibilities.
Because both NE and CORT seem to be involved in the enhancing as well as the inhibitory effects of the BLA, it is intriguing to try to explain what may define whether an enhancement or an inhibition of LTP will take place. One possibility is the involvement of a third mediator that will define the outcome. Such a mediator could be acetylcholine (ACh). ACh has been suggested to mediate the transition of early into late phase LTP by BLA activation (Frey et al., 2001) , and there are indications that NE effects on memory involve subsequent cholinergic activation in the amygdala (Introini-Collison et al., 1996) . Furthermore, it has been suggested that ACh is involved in stress effects on hippocampal processing (Bhatnagar et al., 1997; Kaufer et al., 1998) . Another mediator could be corticotropin-releasing factor (CRF). CRF is released from the hypothalamus in response to stress and leads to the secretion of the stress hormones (Lathe, 2001) . CRF injected into the DG produced a dose-dependent and long-lasting enhancement in synaptic efficacy of these neurons (Wang et al., 1998) , but sustained administration of CRF prevented the occurrence of LTP (Rebaudo et al., 2001) .
Another possible explanation for the involvement of both NE and CORT is that the effects seen are time dependent, i.e., the effects of a brief exposure to these hormones are excitatory, whereas their prolonged presence in the spaced phase may lead to the inhibitory effect.
A third possibility, which is not mutually exclusive, could be that the effects depend on the exact ratio between the effects of the two hormones, i.e., both are required for the modulation, but the specific concentration of each will define the outcome.
Ipsilateral versus contralateral effects
Adding to this already complex picture is the possible interaction with the contralateral BLA. It has been shown (Ikegaya et al., 1994 ) that lesion of the ipsilateral but not of the contralateral BLA affected the induction of DG-LTP. In addition, it has been shown that inactivation of the ipsilateral but not of the contralateral BLA blocked the effects of a GR agonist in the hippocampus on an avoidance task and that a lesion of the ipsilateral BLA, but not the contralateral BLA, blocked the enhancing effect of cAMP analog infused into the EC on memory for an inhibitory avoidance task (Roesler et al., 2002) . The authors suggested that this modulatory effect was mediated via ipsilateral neural pathways connecting the BLA and the EC, because if BLA modulation was mediated only by peripheral stress responses, then the ipsilateral and the contralateral BLA should have had similar effects on hippocampal memory (Roozendaal, 2000) . Here, we found a more multifaceted picture. The contralateral BLA, when primed, enhanced DG-LTP, but this effect was NE and CORT independent, whereas the spaced contralateral BLA activation did not inhibit DG-LTP.
The basal nucleus and the accessory basal nucleus give rise to substantial projections to the contralateral basal nucleus and the accessory basal nucleus, respectively; the lateral nucleus does not project to the contralateral amygdala, but it projects to the ipsilateral basal nucleus Savander et al., 1997) . It is possible that these hemisphere-crossing connections mediate the contralateral priming effect, although such an explanation would predict that the contralateral priming effect would be NE and CORT dependent, like ipsilateral priming. Our findings argue against this possibility.
Taken together, the results suggest the existence of two distinctive pathways: an ipsilateral neural pathway that requires the involvement of NE and CORT and a contralateral pathway that presumably acts through the mediation of another brain structure. The effects of this pathway are NE and CORT independent.
Summary
An emotional experience activates the BLA, which in turn modulates hippocampal-dependent memory in a complex manner via the mediation of the stress hormones NE and CORT. The complexity revealed here may be necessary for the establishment of an accurate and detailed memory of emotionally rich experiences. The mechanisms described can explain how it is possible that stressful experiences can both enhance and impair memories, depending on the particular details of the events. Although the specific pathways involved are still obscure and require further research, it can already be envisaged that abnormalities in the complexity with which the BLA is able to modulate hippocampal function are likely to contribute to stress-related affective disorders.
